Traditional methods to measure water in nominally anhydrous minerals (NAMs) are, for example, Fourier transformed infrared (FTIR) spectroscopy or secondary ion mass spectrometry (SIMS). Both well-established methods provide a low detection limit as well as high spatial resolution yet may require elaborate sample orientation or destructive sample preparation. Here we analyze the water content in erupted volcanic clinopyroxene phenocrysts by proton-proton scattering and reproduce water contents measured by FTIR spectroscopy. We show that this technique provides significant advantages over other methods as it can provide a three-dimensional distribution of hydrogen within a crystal, making the identification of potential inclusions possible as well as elimination of surface contamination. The sample analysis is also independent of crystal structure and orientation and independent of matrix effects other than sample density. The results are used to validate the accuracy of wavenumber-dependent vs. mineral-specific molar absorption coefficients in FTIR spectroscopy. In addition, we present a new method for the sample preparation of very thin crystals suitable for proton-proton scattering analysis using relatively low accelerator potentials.
Introduction
Nominally anhydrous minerals (NAMs) such as clinopyroxene incorporate hydrogen in association with structural defects such as cation vacancies (e.g., 2H
+ vs. Mg 2+ ) and charge deficiencies (e.g., Al 3+ + H + vs. Si 4+ ). There it is bonded to oxygen and, regarded as an oxide component, can be expressed as water concentration. The role of this water component in geology is important since it has a big influence on mantle rheology, magma genesis and evolution as well as the character of volcanic eruptions. By measuring the water content in NAMs from volcanic rocks or mantle xenoliths, geologists can gain information on magmatic water contents as well as the storage capacity of water in the mantle of planetary bodies (e.g., Bolfan-Casanova 2005; Peslier 2010; Sundvall and Stalder 2011; Weis et al. 2015 Weis et al. , 2017 . For the analysis of OH in NAMs, various methods can be applied such as Fourier transformed infrared (FTIR) spectroscopy (e.g., Skogby 2006) , secondary ion mass spectrometry (SIMS) (e.g., Wade et al. 2008) , elastic recoil detection analysis (ERDA) (e.g., Withers et al. 2012) or Raman spectroscopy (e.g., Thomas et al. 2008; Bolfan-Casanova et al. 2014 ). All of these methods have specific advantages such as good spatial resolution (e.g., SIMS and Raman) but also disadvantages including the need for crystal orientation for more precise measurements, strong matrix effects (e.g., FTIR, Raman and SIMS) or the limitation of only analyzing the surface layer with potential contamination (e.g., SIMS and ERDA). Especially FTIR spectroscopy has been applied as a common method for quantification of water in NAMs. However, results from this technique can vary since they depend on the orientation of the crystals, three-dimensional differences of the water contents within the samples and most importantly the calibration of molar absorption coefficients. Another potential method to analyze the water component in NAMs is the use of the proton-proton scattering technique (e.g., Wegdén et al. 2005; Gose et al. 2008 ; Thomas et al. 2008) . Advantages of this particular analytical method are its possible high spatial resolution (≤ 1 µm), lack of need for crystal orientation and the ability to provide a three-dimensional distribution of the hydrogen and thus water content in a crystal (e.g., Reichart et al. 2002 Reichart et al. , 2004a Borysiuk et al. 2013 ). This in particular can provide a way to identify hydrogen diffusion profiles or to measure fluid or melt inclusions deeper within crystals. In addition, the method does not rely on absorption coefficients or calibrations accounting for matrix effects but requires only any standard material with known hydrogen content. The method then provides an actual "total" concentration of hydrogen atoms within the sample. One possible problem with this technique is sample thickness which is dependent on the maximum energy of the bombarding proton beam and it may be required that samples must be very thin (~ 10 µm). Such thin samples may be difficult to prepare and handle and in addition other features such as inclusions which may be important for other specific analyses can get lost. In this study, we measure the water content in clinopyroxene crystals from previously well-studied volcanic rocks and mantle xenoliths by proton-proton scattering experiments. We apply two experimental systems with different proton beam energies. In addition, we performed FTIR measurements on selected crystals and compare the results from both analytical methods. Further, this article provides a new method for the preparation of thin samples in such a way that the crystals overall remain at a size and thickness which allows easy handling and the possibility for further analysis with different methods.
Samples
The majority of clinopyroxene crystals in this study come from ankaramite lava samples from Tanganasoga volcano on El Hierro, Canary Islands (Carracedo et al. 2001; Longpre et al. 2009; Weis et al. 2016a) . Further, clinopyroxene crystals from a mantle xenolith from Kilbourne Hole, New Mexico (Kil and Wendlandt 2004; Harvey et al. 2012) , were analyzed. The water contents of clinopyroxene crystals in these samples have previously been well studied through FTIR spectroscopy (e.g., Sundvall and Skogby 2011; Weis et al. 2016a) . All clinopyroxenes in this study are diopsides (see Weis et al. 2016a ).
Methods and sample preparation

FTIR spectroscopy
Loose clinopyroxene crystals (n = 5) of a size suitable for FTIR analysis (≥ 300 µm) were hand-picked from crushed rock material under a binocular microscope. Individual clinopyroxene crystals were then mounted in thermoplastic resin for further processing. With the help of crystal morphology and optical microscopy (extinction angles), the selected crystals (n = 5) were oriented along their (100) and (010) crystal faces, on which the directions of the main refractive indices (α, β and γ) occur. A detailed procedure of the crystal alignment is described in Stalder and Ludwig (2007) . Various particle size grades of Al 2 O 3 -grinding paper were used to thin and polish the oriented crystals to a thickness of a few hundred micrometers. The final crystal thickness for FTIR analysis varied between 200 and 500 µm for both the (100) and (010) orientations.
Polarized FTIR spectra of clinopyroxene were acquired in the range 2000-5000 cm −1 with a spectral resolution of 4 cm −1
. Measurements were done along the directions of the main refractive indices (α, β and γ) to obtain the total absorbance: A total = A α + A β + A γ . A α and A γ were measured on the (010) crystal face and A β on (100). The orientated and polished crystals (n = 4) were measured in the sample compartment of a Bruker Vertex 70 spectrometer equipped with a NIR source (halogen lamp), a CaF 2 beamsplitter, a wiregrid polarizer (KRS-5) and a MCT as well as an InSb detector. To further investigate inclusions within crystals measurements were done with a Bruker Hyperion FTIR microscope and an InSb detector. To avoid cracks and inclusions in the crystals small circular as well as squared apertures were applied (≤ 200 µm) for masking during analysis. For each individual spectrum, 128 scans were taken and averaged. The obtained spectra were then baseline corrected by a polynomial function and the individual OH-bands were fitted with the software PeakFit and subsequently used for further calculations. Corresponding water contents were then calculated using both the wavenumberdependent calibration function established by Libowitzky and Rossman (1997) and the mineral-specific (augite) calibration of Bell et al. (1995) .
For the Lund sample set (n = 8), unpolarized FTIR measurements (see Kovacs et al. 2008) were done since an orientation and polishing would have caused the loss of the drilled wells. Measuring conditions and data processing were the same as for the polarized measurements.
Preparation of thin samples for proton-proton experiments
For proton-proton scattering analysis at the laboratory in Lund, thin samples (< 10 µm) were required. For the preparation, unoriented clinopyroxene crystals > 300 µm diameter were polished to a flat plate of ~ 200 µm thickness. The polished crystals were embedded in thermoplastic resin and mounted on a glass plate (Fig. 1) . Subsequently, holes with depths between 60 and 100 µm were drilled using a New Wave Research micro-mill and solid carbide microend mills. The applied end mills were model 596 (diameter 200-250 µm) produced by the company Zecha Germany with center cut, two polished cutting edges and flutes. This particular model of end mill is designed to cut a cylindricalshaped well with a flat bottom. Since the shaft diameter of the end mills was 3 mm and thus too big for the drill holder of the micro-mill (max. shaft diameter 2 mm) an adapter was built. For drilling, the drill speed was set very low and holes were drilled in a stepwise manner by submerging the drill in intervals of 15-30 µm. A drop of water was placed onto the crystals to remove chipping. After the wells were drilled, the bottom side of the crystals was polished until the remaining thickness of the crystal underneath the wells reached around 10 µm. The crystal thickness was monitored with an optical microscope and the mineral's interference colors. For clinopyroxene, more precisely diopside, a thickness of ~ 10 µm corresponds to interference colors between first-order grey and yellow, depending on the crystal's orientation.
The absolute thickness was finally measured using scanning transmission ion microscopy (STIM).
To reduce remnants of thermoplastic resin and water in potential microfractures in the drilled wells, the crystals were thoroughly washed and heated for about 15 min in acetone. Subsequently, they were dried in air in an oven at ~ 400 °C for around 8 h. At this temperature most water should be removed from the wells and fractures, but yet structurally bound water remains stable within the crystals (e.g., Sundvall and Stalder 2011) .
Scanning transmission ion microscopy
The thickness of the bottom of the wells was measured by directing a focused 2.5 MeV proton beam through the well and measuring the energy loss of the protons when passing through the material at the bottom of the well. The difference between the initial energy and the final energy is a measure of the mass density of the sample, where the energy loss is caused by ion-electron interactions. During the measurement, the beam was scanned over the well and the thickness and variation in thickness of the bottom of the well was calculated using the software "Stopping and Range of Ions in Matter (SRIM)" and the structural formula of the sample (Ziegler et al. 2010) . For the calculations a constant density of 3.37 g/cm 3 was assigned for the Tanganasoga diopsides and 3.29 g/cm 3 for the Kilbourne Hole crystals. The combined energy spread from the accelerator and detector energy resolution is 0.4% (1 SD). The largest uncertainty in the conversion between the energy loss and the absolute thickness originates from the uncertainty in density and stoichiometry of the sample.
Proton-proton scattering analysis
For the proton-proton scattering experiments two systems were used. One set of crystals, solemnly consisting of Tanganasoga clinopyroxene, that had been previously analyzed with FTIR (n = 4), was measured using the microprobe SNAKE (Superconducting Nanoscope for Applied Nuclear (Kern) physics Experiments) at the Maier-Leibnitz Laboratory (MLL) in Munich. The clinopyroxene crystals were first oriented and polished for FTIR analysis (see "FTIR spectroscopy") and then polished to a thickness of ~ 130 µm for pp-scattering (see Table 1 ), where they were analyzed under a scan area of 100 µm × 100 µm with a focused beam. For this, a 20 MeV proton beam was focused to a beam spot of about 2 µm × 2 µm perpendicular to the surface of the crystal. If an incident proton hits a hydrogen atom in the sample the significant elastic nuclear scattering reaction is detected nearly background free with the two protons emitted with a 90° angle to each other. To remove chipping from the sample and to cool the drill during milling a drop of water was placed onto the sample. b Subsequently, the crystal was mounted upside down in thermoplastic resin and the bottom side of the drilled crystal was polished until the bottom in the well reached a thickness ~ 10 µm Note that the nuclear scattering signal is generated from all hydrogen atoms, and not only by OH-bonds. The measured quantity unit is hydrogen atoms per cm 2 . Assuming that all hydrogen is bound as OH, this is converted into wt. ppm H 2 O using a crystal density of 3.37 g/cm 3 , an atomic density of 9.93 × 10 22 at/cm 3 and an average thickness determined by energy loss measurement of the protons. The signal is not influenced by any chemical environment, structural defects or orientation of the crystal. Therefore, except for density, the calibration does not depend on sample properties and only the efficiency of the detector system has to be calibrated once like described in Moser et al. (2015) . In this analysis, we used two crystals of the hydrous mineral zoisite (see Hurlbut 1969; O'Leary et al. 2007; Weis et al. 2016b) Leary et al. 2007 ). This water content is in agreement to the water content of 2.0 wt% measured by wet-chemical analysis (see Hurlbut 1969) . The density of the zoisite crystal was taken to be 3.36 g/cm 3 (Hurlbut 1969 ). For the current setup we found a limit of a few at-ppm hydrogen corresponding to about 1 wt. ppm (H 2 O) in the analyzed samples, whereas a detection limit better than 0.1 at-ppm hydrogen has previously been achieved in Reichart et al. (2004a) . Transmission of the protons is required, but at the used energy, up to 150-µm-thick samples can be analyzed. The coincident protons are detected by a box of four 1-mm-thick silicon strip detectors as described in detail in Reichart et al. (2016) . The system has a lateral resolution of about 2 µm and the uncertainty in the depth scale deconvoluted from the energy signal of the protons is about 1% of the sample thickness [Moser et al. (2015) ], considering a homogeneous density of the sample. However, the energy resolution of the detectors including the energy spread of the protons along the path lengths (z) results in a depth resolution (peak width of an infinite thin hydrogen layer) of about 6 µm at the front surface (z = 0) and a factor of two better at the back surface (z = max). Local inhomogeneity or inclusions in the sample with different density will be observed in the hydrogen map due to a shift or broadening of the energy signal from hydrogen on the surfaces. A vacuum level of 1 × 10 7 mbar is sufficient for analyses and coating of the sample is not necessary as MeV protons penetrate the sample and energy resolution is not affected by charging effects of the (grounded) sample. The orientation of the sample or channeling effects does not have to be considered at these energies and divergence (45 mrad) of the microprobe beam.
A second set of very thin crystals (n = 8), including crystals from Tanganasoga and Kilbourne Hole, was analyzed at the Lund Ion Beam Analysis Facility (LIBAF) at the Department of Nuclear Physics at Lund University. This system is equipped with an annular Double Sided Silicon Strip Detector (DSSSD), consisting of 2048 segments and an accelerator reaching a maximum proton energy of 3 MeV, and is described in more detail in Borysiuk et al. 2013 . The analysis in Lund was conducted with a 2.5 MeV proton beam focused down to a beam spot size of 5 µm × 5 µm which was directed into and scanned over the bottom of the well. By letting the protons pass through the well before interaction with the sample there was no risk of losing any scattered protons by interaction with the walls of the well. Lateral and depth resolution of the system are 5 and 0.8 µm respectively (Ros et al. 2014) . The well of the crystal was first located using an optical microscope in the analysis chamber. Subsequently, a quick STIM evaluation of the well was done and a flat area was then selected for a longer measurement (30 min). The obtained data were normalized to a set of pieces, of different thickness, from a muscovite crystal (NRM#23069) with a water content of 4.13 wt% . The utilized beam current during the analysis was between 20 and 100 pA. The current is dependent on sample mass density and lower currents are needed for thicker or denser areas to avoid flooding the detector with protons. The vacuum level in the beamline and experimental chamber was below 2 × 10 −5 mbar.
Results
FTIR
All clinopyroxenes showed spectra with vibrational bands expected for diopside ( Fig. 2 ) (e.g., Skogby 2006) and were similar to spectra obtained for samples in Weis et al. (2016a) . The spectra were free from OH-bearing impurities or inclusions unless specifically studied. Overall water contents of the four analyzed crystals ranged between 515 and 772 wt. ppm H 2 O for the Libowitzky and Rossman (1997) calibration and between 554 and 928 wt. ppm H 2 O for the mineral-specific calibration of Bell et al. (1995) . All results are presented in Table 1 . Potential uncertainties for calculated clinopyroxene H 2 O contents can arise from imperfect baseline correction and measurements of the crystal thickness. However, due to the good quality of the spectra and the large thickness of the crystals a maximum uncertainty of ± 10% is assumed for the precision of the calculated clinopyroxene water contents. Further, the uncertainty regarding the accuracy of the water contents due to the calibration for absorption coefficients is another ± 10% (cf. Libowitzky and Rossman 1997) resulting in an overall uncertainty of ± 20% for the calculated clinopyroxene water contents. For the Lund sample set values ranged from 283 to 716 wt. ppm H 2 O. The error for unpolarised measurements is yet bigger, as the method relies on a statistical approach, with the precision for measurements of ten crystals per sample being ± 20% (see Kovacs et al. 2008 ). Since in this study only single crystals were analyzed with unpolarized measurements, precision is exceeding ± 20% by far, raising the total uncertainty to higher than ± 30%.
Preparation of thin samples
A perfect cylindrical well was not always accomplished due to problems during the drilling process. This error most likely resulted from a small misalignment due to the inserted adapter and the fact that parts of the crystals broke off on occasion. Yet, flat bottom surfaces with diameters between 50 and 100 µm were obtained (Fig. 3) . Thicknesses in the drilled wells varied between 4 and 15 µm. This variation may arise from the wobble or either from a slight tilt of the Fig. 2 Representative polarized IR spectra of clinopyroxene crystal T1-PP(1). Polarized measurements with E||α and E||γ were done on the (010) crystal face while E||β was measured on (100). Absorbances are normalized to 1 mm thickness and vertically offset for better visibility crystal during polishing of the bottom surface. In some cases pieces of the bottom of the wells broke off; however, thin areas large enough for analysis still remained.
Proton-proton scattering analysis
Hydrogen depth profiles from pp-scattering as analyzed from the crystals are shown in Figs. 4 and 5. The depth profiles are averaged each from a scan area of 100 µm × 100 µm. For crystals T1-PP(1) as well as for T1-PP(2), enhanced hydrogen signals are observed at the surface or within the crystal. Such signals may arise from either remnants of thermoplastic resin from sample preparation or they represent hydrous inclusions. These hydrogen peaks were excluded for quantification of the crystal's average water content. Except for these enhanced signals no strong variation in the hydrogen signals was observed in the crystals. Water contents derived for crystals measured at the facility in Munich (n = 4) ranged from 500 to 670 wt. ppm H 2 O (Table 1) . To test data reproducibility, two measurements with a minimally shifted scan area have been done for one crystal (T1-PP (2)), and the determined water content is equal within the uncertainties. Thin clinopyroxene crystals analyzed at the Lund facility show water contents from 430 to 770 wt. ppm H 2 O. In some cases, contamination of water was present in microfractures in the drilled wells (Fig. 4) . The drying process yet removed the contamination significantly. The combined uncertainty for the proton scattering analyses arises from variations in sample thickness (e.g., thickness variations in the bottom of the well), depth-dependent concentration variation and a maximum experimental uncertainty of 25%.
Discussion
The results for the oriented single crystals analyzed at the Munich facility show a good correlation with the data obtained by FTIR. Plotting the results vs. water contents calculated from both the wavenumber-dependent absorption coefficients by Libowitzky and Rossman (1997) and the mineral-specific absorption coefficient by Bell et al. (1995) shows that within analytical error both lie near a 1:1 line (Fig. 6) . However, based on a fitted trendline (y = 0.937x) the results for the wavenumber-dependent calibration show a closer match to the values determined by proton scattering. From this it cannot simply be assumed that the mineral-specific absorption coefficient is less suitable; however, it supports the assumption that wavenumber-dependent absorption coefficients are more universally applicable, at least in the case of clinopyroxene. It is important to note that Bell et al. (1995) determined their mineral-specific absorption coefficient for a gem-quality augite crystal and stated that their calibration is applicable for similar FTIR spectra as the one obtained in their study. Clinopyroxenes in this study, however, are not augites but diopsides and show spectra slightly different to those obtained by Bell et al. (1995) . Our diopside spectra do not show a strong band at ~ 3460 cm −1 for E||α and E||β which was the case for spectra presented by Bell et al. (1995) . A similar deviation has been observed in previous studies (e.g., Sundvall and Stalder 2011) . The calibration by Libowitzky and Rossman (1997) has previously also been used successfully for synthetic as well as natural clinopyroxene samples (e.g., Stalder 2004; Stalder and Ludwig 2007; Sundvall and Stalder 2011) and was reconfirmed by Mosenfelder and Rossman (2013) .
Due to its 3D resolution the proton-proton scattering method provides great potential in the identification of Fig. 4 a Representative hydrogen depth profiles from proton-proton scattering analysis of crystals T1-PP(1) and T3-PP(1). Both show a relatively homogenous distribution of hydrogen throughout the crystal. The sharp peak at the surface of T1-PP(1) may arise from either a remnant of thermoplastic resin from sample preparation or a small inclusion. Such enhanced signals were excluded for the calculation of crystal water contents. b Hydrogen depth profile of crystal KBH-PP(1) before and after drying in the oven. It can be seen that the drying process reduced water contamination in microfractures within the drilled well significantly, however, not entirely 1 3 hydrogen diffusion profiles, variations in water content due to compositional changes as well as the identification of potential inclusions, such as fluids, hydrous glasses or minerals. For example, here we analyzed 150-µm-thick, polished sections of bigger (> 300 µm) clinopyroxene phenocrysts, yet phenocrysts with a total thickness around 150 µm could be analyzed entirely, thus potentially revealing a hydrogen diffusion profile over the whole crystal with only one single analysis. In two crystals enhanced hydrogen signals were observed (see Figs. 4, 5) . The crystals were thoroughly cleaned with acetone so any remainders of thermoplastic resin are less likely; however, it cannot be excluded. Further, inclusions of several kinds (minerals, fluid or melt inclusions) do occur in Tanganasoga clinopyroxene. Close inspection of the two analysis areas (Area 1 and Area 2) with enhanced hydrogen signal in crystal T1-(PP2) under a binocular microscope reveals two melt inclusions (Fig. 5) . One at the surface near analysis Area 1 and one large melt inclusion in the middle of the crystal near analysis Area 2. Area 1 is located close to or at the surface whereas Area 2 is fully included within the bulk of the crystal. Integrated over the depth interval of the peaks (Fig. 5a ) we find about 3 × 10 18 H-at/cm 2 and 4 × 10 18 H-at/cm 2 , respectively. The peak width (FWHM) for Area 1 is 18 µm while it is 40 µm, for Area 2, resulting in an (atomic) hydrogen density of 2.8 and 1.6 g/cm 3 for Areas 1 and 2, respectively. More studies on different types of inclusions have to be done in future to get usable numbers. A statement about the concentration is hypothetical as the precise densities (mass and atomic) of the inclusions here is unknown, but as a rough guess from the above numbers we get values of 1.0 and 0.6 wt% H 2 O assuming that the glass density and composition of the melt inclusions are similar to the density (2.72 g/cm 3 ) and whole rock composition of the ankaramite magma (see Weis et al. 2015) . The hydrogen signal of the remaining area corresponds to about 500 wt. ppm H 2 O. Visible are also remnants of a fluid phase (e.g., CO 2 fluid) which was expelled from the melt inclusions. The strong peaks on the depth profile represent most likely both OH and molecular water in the melt inclusion and the fluid phase. The proton-proton scattering technique allows a precise determination of the inclusions' position and a clear distinction from the clinopyroxene (ppm vs. wt% H 2 O). Therefore, they can be excluded when calculating the water content of the crystal. FTIR spectroscopy usually allows to distinguish between structurally bound and molecular water in a spectrum due to position and shape of the specific peaks. Depending on the measured crystal volume, inclusions may lose their significance on the spectrum and can be "swallowed" by strong peaks from the structurally bound OH. But with a smaller sampling volume or many inclusions present, the impact on the spectrum becomes more significant. This difference can be seen also for sample T1-PP(2). Analyzing the area investigated by proton-proton scattering with FTIR spectroscopy and comparing it to the analysis for an inclusion-free area reveal a small but broad peak at around 3500 cm −1 which usually represents OH − and H 2 O groups in melt inclusions (Fig. 7) . This peak may easily be mistaken as part of the clinopyroxene OH-bands, especially since clinopyroxene has a band at 3550 cm −1 (Skogby 2006 ) which may also appear relatively broad on the spectrum and thus may "swallow" the band arising from the inclusion. The spectrum in Fig. 7 showing the inclusion-free analysis of clinopyroxene shows that the band at 3550 cm −1 appears not as broad as with the contribution from the inclusion. As a consequence, this affects the measured water content as with the inclusion the total water content of the crystal would be estimated to be 647 wt. ppm H 2 O compared to 515 wt. ppm H 2 O without the inclusion in the beam path. Especially in dark crystals where inclusions are difficult to be observed this can cause problems. In this context, proton-proton scattering provides a clear advantage by showing a three-dimensional distribution of hydrogen in the sample. Furthermore, this provides great potential for analyzing melt inclusions and thus magmatic water contents which may be difficult by FTIR spectroscopy as the inclusion has to be polished from both sides for precise measurements and can easily be lost.
The results obtained for the proton scattering analysis in Lund are not as well in accordance with the FTIR results as it is the case for the crystals analyzed in Munich. There is no visible trend that clearly supports either calibration. Two samples show a very good match for the proton scattering and the Libowitzky and Rossman (1997) calibration, the remaining six show values closer to FTIR results obtained by applying the Bell et al. (1995) calibration. Yet, considering analytical errors again, all results overlap with each other. The reason for this opposing trend may be several. First, it is likely that the results of the proton scattering analysis are still affected by contamination. On   Fig. 6 Plot showing water contents in four oriented single crystals determined by proton-proton scattering and FTIR spectroscopy. Even though the data points overlap in error, yet a better fit to a 1:1 line arises when wavenumber-dependent, molar absorption coefficients (Libowitzky and Rossman 1997) are used instead of their mineralspecific counterparts (Bell et al. 1995) Fig. 7 Infrared spectra for E||β of crystal T1-PP(2) of an inclusionfree area and the area around Area 2 analyzed by proton-proton scattering. Due to the large sampling volume of clinopyroxene, the inclusions have little yet a visible effect on the bands of structurally bound OH within the crystal. Subtracting the spectrum from the inclusionfree part of the crystal reveals a small broad band at ~ 3500 cm −1 typical for OH and molecular H 2 O in melt inclusions. Since less pyroxene was analyzed over the area of the inclusion, the spectrum for the inclusion-free area was multiplied by a factor of 0.85 to avoid a negative peak on the subtracted spectrum some profiles some maxima in hydrogen density are still present even after the drying process (Fig. 4b) . Although, these areas are excluded from the water content calculation there might still be a slight overall contamination affecting this process. The samples were dried for 8 h which might not have been sufficient to remove the water in fractures in all the crystals. The samples simply should be dried longer or at slightly higher temperatures. Further, since the FTIR measurements on the Lund sample set were not polarized the error is much larger. The method applying unpolarized measurements usually relies on a statistical approach based on the amount of measured crystals (Kovacs et al. 2008) . At least ten crystals or more are considered to provide a good accuracy and precision, which is not the case in our study. Hence, the unpolarized measurements in this study should be treated with great care. We additionally analyzed one more crystal from Kilbourne Hole with polarized FTIR measurements. The crystal was found to contain 418 wt. ppm H 2 O applying the calibration by Libowitzky and Rossman (1997) , which gives a better match with the proton scattering data (Table 1 ). This further confirms that there is a variation in the dataset obtained by unpolarized measurements and the values are less precise. For a direct comparison between proton scattering and FTIR results the sample set analyzed in Munich is considered more reliable as here polarized FTIR measurements were done and since there was no sign of any contamination affecting the proton scattering results.
Due to the small thickness of the analyzed crystal parts in the drilled well the obtained data are not so much representative of a potential three-dimensional distribution of hydrogen within the whole crystal as it is the case for thicker samples. Yet lateral hydrogen distributions which are sufficient to determine diffusion profiles or composition-related changes in hydrogen concentration can be measured if the bottom of the drilled wells provides a sufficient surface area. The preparation of a well within a thicker crystal made it easy to handle them during mounting for the proton scattering analysis. The thin and near-transparent bottom of the drilled well further offers a possibility for Raman measurements, in particular transmission Raman spectroscopy (e.g., Weis et al. in press ). The crystals' color and transparency have a big effect on Raman measurements since dark-colored crystals promote sample heating which can cause heat emission background or sample damage. This effect is less for more transparent samples and will thus improve the spectral quality. In addition, the thicker parts of the crystal remain suitable for other analytical techniques such as FTIR spectroscopy or SIMS.
Summary and conclusions
In this study, water contents of clinopyroxene phenocrysts from various volcanic systems were successfully determined by proton-proton scattering analysis. A new method for sample preparation of thin crystal areas suitable for proton beams with relatively low energies was presented. The method applying flat end mills and drilling wells with thin bottoms into the crystals was shown to work, although samples may need to be thoroughly dried to avoid water contamination in microfractures. The data presented here demonstrate the potential of the proton-proton scattering method for the identification and measurement of hydrous inclusions which can be difficult with other methods such as FTIR spectroscopy. Moreover, this work shows that wavenumber-dependent absorption coefficients may be more generally applicable for clinopyroxenes compared to their available mineral-specific counterparts.
